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Abstract 

Methicillin-resistant Staphylococcus aureus (MRSA) is the causative agent of serious 

hospital- and community-associated infections. Due to the global rise in community-

associated MRSA, the respective lineages are increasingly introduced into hospitals. This 

raises the question whether and, if so, how they adapt to this new environment. The 

present study was aimed at investigating how MRSA isolates of the USA300 lineage, 

infamous for causing infections in the general population, have adapted to the hospital 

environment. To this end, a collection of community- and hospital-associated USA300 

isolates was compared by RNA-sequencing. Here we report that merely 460 genes were 

differentially expressed between these two epidemiologically distinct groups, including 

genes for virulence factors, oxidative stress responses and the purine, pyrimidine and 

fatty acid biosynthetic pathways. Differentially regulated virulence factors included 

leukotoxins and phenol-soluble modulins, implicated in staphylococcal escape from 

immune cells. We therefore investigated the ability of the studied isolates to survive 

internalization by human neutrophils. This showed that the community-associated 

isolates have the highest neutrophil-killing activity, while the hospital-associated 

isolates are better adapted to intra-neutrophil survival. These findings were reproduced 

in a high-throughput Galleria mellonella infection model, where the hospital-associated 

isolates showed significantly better survival in hemocytes than the community-

associated isolates. Importantly, the survival within professional phagocytes protects 

internalized staphylococci against a challenge with antibiotics. We therefore conclude 

that prolonged intra-neutrophil survival serves as a relatively simple early adaptation of 

S. aureus USA300 to the hospital environment where antibiotic pressure is high. 

Importance 

Recent years have witnessed the rapid emergence of community-associated (CA) MRSA 

lineages, such as USA300. Today, these lineages are also encountered in hospital 

settings, which raises the intriguing question of how exactly they are adapting to this 

new environment? Classical studies have shown that particular genes on mobile 

genomic elements, such as the Panton Valentin leukocidin-encoding genes, are typical 

features of CA-MRSA. Our previous studies have shown that hospital-associated (HA) 

MRSA isolates of the USA300 lineage lack the PVL-encoding genes, suggesting that this 

could be part of their adaptation to the hospital environment. However, one may also 

expect physiological adaptations in HA-MRSA that are reflected by differences in global 

gene regulation. This idea had remained unexplored so far, which is why we decided to 

perform the here described RNA sequencing analysis, combined withvalidation studies 

in human neutrophils and an animal infection model. Altogether, our present 
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observations highlight unexpected adaptations to the hospital environment in the HA-

isolates of the S. aureus USA300 lineage, which permit ‘antibiotic evasion’ through 

enhanced intra-neutrophil survival and reduced neutrophil killing 
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Introduction  

Staphylococcus aureus is a bacterial pathogen that causes a wide range of infections 

both in hospital and community settings (1). In particular, the disease conditions 

associated with the methicillin-resistant forms of S. aureus (MRSA) represent a major 

public health burden (2–5). MRSA was initially regarded as a hospital-associated (HA) 

pathogen since infections related mostly to prolonged hospitalization, surgery, intensive 

care, hemodialysis, and long-term exposure to antibiotics (6, 7). However, community-

acquired (CA) MRSA infections among healthy individuals with no obvious connection 

to the healthcare system are nowadays encountered with increasing frequency (8–11). 

Consequently, CA-MRSA is more frequently introduced into the hospital, which raises 

the important question whether and, if so, how such isolates adapt to the hospital 

environment. 

The ability of S. aureus to cause many different infections relies on the expression of a 

vast array of cell surface-bound and secreted virulence factors (12). Three types of 

virulence factors have been implicated in CA staphylococcal infections. The first one was 

the Panton Valentin Leukocidin (PVL), which belongs to the bi-component β-channel 

pore-forming toxins. PVL has been associated with severe invasive disease, like 

necrotizing pneumonia and the acute phase of bacteremia (13–15). Subsequently, the 

so-called phenol-soluble modulins (PSMs) were implicated in CA infections (16, 17). 

Importantly, PSMs are highly potent lytic agents that effectively protect S. aureus against 

human neutrophils (18, 19). Published data show that, in general, the investigated CA-

MRSA lineages express significantly higher amounts of PSMs than the HA-MRSA 

lineages (17, 20). Proteins encoded by ‘arginine catabolic mobile elements’ (ACME) 

represent a third group of virulence factors implicated in CA infections. These elements 

promote colonization of the human skin and mucosal membranes, as well as growth 

and survival within the host (21).  

Of note, comparative analyses of genetically closely related CA- and HA-MRSA isolates 

were so far lacking. This makes it difficult to say which physiological adaptations could 

play a role in the different epidemiological behavior. The present study was therefore 

aimed at investigating differences in global gene expression between closely related 

isolates of S. aureus USA300, a clonal MRSA lineage originally implicated in severe CA 

infections, but now also encountered in nosocomial settings (11). Specifically, we applied 

RNA sequencing to compare gene expression patterns in CA- and HA-USA300 isolates 

from Denmark. The CA-isolates belonged to the sequence type ST8 and spa type t008, 

were PVL-positive and carried the ACME element, while the HA-isolates belonged to 



Chapter 4 
 

93 

 

 4 

ST8 and spa type t024, were PVL-negative, and mostly ACME-positive. Importantly, the 

epidemiology of the investigated clinical isolates is well-documented (22, 23), and they 

have no extensive history of cultivation in the laboratory as is the case for most 

commonly investigated model strains of S. aureus. In brief, the results pinpoint a few 

specific differences between the two groups, especially distinct activities for the Agr 

quorum-sensing system, defenses against oxidative stress and several biosynthetic 

pathways. To validate these findings, we first assessed the different isolates for survival 

upon internalization by human neutrophils and neutrophil killing, and the respective 

capabilities for survival within professional phagocytes were subsequently validated in 

a high-throughput Galleria mellonella infection model. Our results highlight specific 

adaptations in the HA-isolates that permit ‘drug evasion’ through enhanced survival 

within and reduced killing of professional phagocytes. 

Results  

Global gene expression profiles of CA- and HA-MRSA isolates 

Recently, we compared the genome sequences and exoproteome profiles of six CA- and 

six HA-MRSA isolates of the USA300 lineage that were collected in Denmark (24). 

Whole-genome sequencing (WGS) revealed a clear distinction of the CA- and HA-

isolates that was mirrored in the exoproteome abundance signatures, irrespective of 

their growth stage (24). Importantly, the exoproteome signatures of all six investigated 

HA-isolates clustered with those of three genetically related HA-isolates from the Dutch-

German border region with sequence type ST8 and spa-types t008 or t024. This 

suggested that the investigated HA-isolates share one or more common features that 

might provide them with a selective advantage in the hospital environment. To pinpoint 

differences in global gene expression that are potentially distinctive for HA-isolates of 

the USA300 lineage, we selected three of the Danish HA-isolates whose exoproteome 

signatures most closely resembled those of the HA-isolates from the Dutch-German 

border region (i.e. isolates D17, D22 and D53) (24) for a first comparison with three 

selected Danish CA-USA300 isolates (i.e. isolates D15, D32 and D37) with an 

exoproteome abundance signature that was typical for the CA-isolates (24). Of note, the 

three HA-isolates carried the ACME element as did the three CA-isolates. 

To assess differences in global transcript levels in the six selected HA- and CA-USA300 

isolates, we applied an RNA-sequencing approach. Bacteria were grown in Roswell Park 

Memorial Institute-1640 (RPMI) medium, which mimics the conditions encountered by 

S. aureus in human blood (25). Total RNA was extracted from cells sampled during the 

mid-exponential growth phase (OD600 of ~0.5) and at 90 min after entering the 
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stationary phase (OD600 of ~1.3). Importantly, the six isolates displayed comparable 

growth rates under the applied conditions (Supplementary Fig. 1). Upon RNA-

sequencing, a principal component analysis (PCA) was performed, which revealed 

separate clusters of CA- and HA-isolates (Fig. 1), consistent with their previous 

separation based on exoproteome abundance signatures.  

 

Figure 1. Principal component analysis (PCA) of transcripts from CA- and HA-MRSA isolates. PCA was 

performed in R (version 3.4.1; 2017-06-30) using the factomineR package (version 1.36). Missing values were 

removed. Data centering was performed by subtracting the column means of the data from their 

corresponding columns, and transcripts with no expression values were omitted. To unify the variance scaling 

of data, the (centered) columns of the data were devided by their standard deviations. For each isolate two 

biological replicates (BR) were analysed. Blue circles relate to CA-MRSA isolates, whereas orange circles relate 

to HA-MRSA isolates. 

To identify genes that were differentially expressed in the HA- and CA-isolates, we 

conducted a generalized linear model test followed by Benjamini–Hochberg multiple 

testing corrections. This revealed only minor differences in transcript levels of 

exponentially growing cells, where merely 30 and 33 genes were expressed at higher 

level (‘upregulated’) in the HA- or CA-MRSA isolates, respectively (Supplementary Fig. 

2). Only a few virulence genes, i.e fnbA, fnbB and sbi, were statistically significantly 

stronger expressed in the exponentially growing CA-isolates compared to the HA-
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isolates. In stationary phase, the number of genes displaying significantly different 

expression was higher; 208 and 227 gene transcripts were present at higher levels in the 

HA- and CA-isolates, respectively (Fig. 2A). The names of these genes and biological 

functions of the respective proteins are summarized in Supplementary Table 1. 

Altogether, during both investigated growth stages, 460 genes were differentially 

expressed in the two groups of isolates with different epidemiology.  

Functions of genes differentially expressed in CA- and HA-MRSA isolates 

To visualize distinguishing gene functions in the investigated HA- and CA-isolates, a 

Voronoi treemap was generated (Fig. 2B). This revealed the upregulation of defenses 

against oxidative stress, DNA repair mechanisms and staphylococcal pathogenicity 

island SaPI-related functions in the HA-isolates. In contrast, genes for ribosomal 

proteins, de novo pyrimidine and purine synthesis, the ATP synthase, and fatty acid 

biosynthesis were upregulated in the CA-isolates. To validate these findings, we 

expanded the RNA sequencing analysis to the previously characterized set of six HA- 

and six CA-USA300 isolates, where one of the HA-isolates (D3) lacked the ACME 

element. This expanded analysis showed that the differential regulation of stress-

responsive and housekeeping pathways as well as virulence factors in HA- and CA-

isolates was conserved across all the investigated isolates (Supplementary Fig. 3). 

A further regulon-based stratification of differentially expressed transcripts revealed 

that, in HA-isolates, genes controlled by the RNA polymerase sigma factor SigB, the 

regulator of the response to peroxide PerR, the regulator of branched-chain amino acid 

synthesis CodY and the accessory gene regulatory system Agr were upregulated (Fig. 

2C, Supplementary Figs. 4 and 5). In contrast, genes controlled by the fatty acid 

biosynthesis regulator FapR, the regulators of iron and zinc homeostasis Fur and Zur, 

and the regulator of multiple virulence factors SaeR were upregulated among the CA-

isolates.  
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Figure 2. Comparison of transcript profiles from CA- and HA-MRSA isolates. A generalized linear model 

test and subsequent Benjamini–Hochberg multiple testing corrections were used to compare the transcript 

levels in CA- and HA-MRSA isolates. (A) Identification of transcripts showing significantly different levels 

among CA- or HA-MRSA. Individual dots on the plot represent particular gene transcripts. Dots within the 

grey-shaded bars relate to transcripts present at similar levels in the CA- and HA-isolates. Dots within the 

white area on the left relate to transcripts that are upregulated in the CA-isolates, and dots in the white area 

on the right to transcripts upregulated in the HA- isolates. Sizes of grey circles around particular dots 

correspond to the absolute gene expression values, where larger circle sizes indicate higher transcript levels. 

(B) Voronoi treemap displaying the functional assignment of transcripts that show significantly different 

abundance in the CA- and HA-MRSA isolates. (C) Voronoi treemap showing a regulon-based assignment of 

transcripts present at significantly different levels in the CA- and HA-MRSA isolates. Ratios of transcript levels 

in HA- and CA-isolates in log2 were used to create the Voronoi treemaps. Individual cells in the two Voronoi 

treemaps represent particular significantly differentially regulated transcripts. Blue cells represent transcripts 

upregulated in CA-isolates (i.e. higher transcript levels in CA than HA in log2), and orange cells represent 

transcripts upregulated in HA-isolates (i.e. higher transcript levels in HA than CA in log2). 

Differential activity of the Agr quorum sensing system in HA- and CA-MRSA 

isolates 

The expression of virulence genes in S. aureus is tightly controlled by particular gene 

regulatory systems (26). Genes controlled by one of these, the Agr regulatory system, 

were significantly upregulated in the investigated HA-MRSA isolates. The Agr system 

regulates mainly the promotors that drive the synthesis of the so-called RNAII and 
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RNAIII transcripts. RNAII codes for the histidine kinase AgrC, the response regulator 

AgrA, the precursor AgrD of the auto-inducing peptide (AIP), and the AIP maturation 

and export protein AgrB. RNAIII is a small regulatory RNA molecule that also codes for 

the δ hemolysin (Hld or PSMγ) (16). As shown in Figure 3A, B (in log2), the agrABCD 

transcript levels were between 1.8- and 2.5-fold higher in the HA- than in the CA-

isolates, while the RNAIII transcript levels in the HA-isolates were about 5.4-fold higher 

than in the CA-isolates. Consistent with the observed upregulation of the agr genes in 

the investigated HA-isolates, the transcript levels of typical Agr-controlled genes, such 

as psmα1, psmα2, psmα3, psmα4, psmβ1 and psmβ2, were between 6- to 9-fold higher 

in the HA-isolates than in the CA-isolates (Fig. 3C, D). A recent study by Pader and 

colleagues correlated an active Agr system and the production of PSMs to sensitivity of 

S. aureus for daptomycin, because the PSMs would alleviate the sequestration of this 

last-resort antibiotic by secreted phospholipids (27). To verify the differences in PSM 

expression as inferred from the RNA sequencing data, we investigated the daptomycin 

sensitivity of the different isolates. Here, we predicted that the investigated HA-USA300 

isolates would be more sensitive to daptomycin than the CA-isolates. Indeed, as shown 

by growing the different isolates in tryptic soy broth (TSB) medium with or without 20 

µg/mL damptomycin, the growth of the HA-isolates was reduced in the presence of 

daptomycin whereas growth of the CA-isolates remained unaffected (Fig. 4). These 

findings were reflected in the respective minimal inhibitory (MIC) concentrations for 

daptomycin (Supplementary Table 2). The differential susceptibility to daptomycin thus 

supports the view that the investigated HA-isolates produce PSMs at higher levels than 

the CA-isolates.   
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Figure 3. Relative transcript levels of genes related to the Agr quorum-sensing system. Mean transcript 

levels for each indicated gene of the CA- or HA-MRSA isolates were calculated based on the RNA sequencing 

data. The relative fold of induction is shown for (A) agrB,D,C,A. (B) RNAIII, (C) psmɑ1-4, and (D) psmβ1 and 

psmβ2.  
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Figure 4. Growth of CA- and HA-MRSA isolates in the presence or absence of daptomycin. CA- and HA-

MRSA isolates were grown in TSB with 20 µg/mL daptomycin or without daptomycin. Growth was monitored 

by OD600 readings. (A) CA-MRSA isolates. (B) HA-MRSA isolates. The presence of daptomycin is indicated by 

color-coding; + marks the supplementation of growth medium with daptomycin. All growth experiments were 

performed three times. 

Bacterial survival upon neutrophil phagocytosis and neutrophil killing 

Importantly, the observed differential regulation of genes in the HA- and CA-isolates 

pointed in the direction that the HA-isolates might be better adapted to meet the 

challenges imposed by professional phagocytes, neutrophils in particular. Firstly, the 

Agr-regulated PSMs, especially PSMα, are known to play a key role in the escape of S. 

aureus from killing by neutrophils upon phagocytosis (19). Secondly, the HA-isolates 

showed enhanced expression of genes for proteins protecting against oxidative stress 

and DNA damage, while genes for iron uptake were relatively downregulated, which are 

all adaptations that help to withstand the oxidative challenge upon phagocytosis. 

Conversely, the CA-isolates might be better equipped for immune evasion, firstly by 

expressing the sak, chp and scn genes that are absent from the HA-isolates. In addition, 

the enhanced activity of the SaeRS system could help to avoid phagocytosis by 

neutrophils as SaeRS-controlled factors were recently shown to suppress neutrophil 

priming by limiting the TNFα production in monocytes (28). We therefore assessed the 

survival of the investigated HA- and CA-isolates inside human neutrophils. Although 

differences in the survival kinetics of individual isolates were evident (Fig. 5A), the HA-

isolates showed a generally better survival upon internalization by neutrophils than the 

CA-isolates (Fig. 5B). This was not related to a difference in the internalization of the HA- 

or CA-isolates, as a flow cytometric measurement of the respective isolates transformed 

with a plasmid for GFP expression revealed no significant differences in neutrophil 

internalization at 1 h post-infection (Supplementary Fig. 6). Of note, low staphylococcal 

survival upon internalization by neutrophils may not only relate to effective killing of the 

staphylococci by the neutrophils, but also to effective escape of the staphylococci from 
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the neutrophils. The latter would be artificially ‘suicidal’ due to the presence of the 

antibiotic gentamicin in the culture medium. We therefore tested to what extent the 

neutrophils are killed by the ingested staphylococci by measuring the levels of lactate 

dehydrogenase (LDH) in the culture medium. LDH is a cytoplasmic protein of the 

neutrophils that will be released into the culture medium upon neutrophil disruption. 

Consistent with the lower survival of CA-isolates in neutrophils, internalization of these 

isolates led to higher LDH levels in the medium than the internalization of HA-isolates 

(Fig. 5C), which means that the CA-isolates are over all more effective in neutrophil 

killing than the HA-isolates (Fig. 5D). We therefore conclude that the lower overall 

survival of the CA-isolates is, at least in part, related to ‘suicidal’ escape from the 

neutrophils under our assay conditions. Conversely, the investigated HA-isolates are 

better adapted for survival inside human neutrophils than the CA-isolates. 
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Figure 5. Survival in and killing of human neutrophils by CA- or HA-MRSA isolates. CA- or HA-MRSA 

isolates used for neutrophil infection were grown in RPMI to an OD600 of ~0.5. Neutrophils were isolated from 

healthy volunteers and infected with bacteria at a MOI of 15:1 (bacteria:neutrophils). Plates were first incubated 

for 30 min to synchronize infection. Subsequently, gentamicin was added at a final concentration of 400 µg/ml 

to eliminate non-internalized bacteria. At 120 min post-infection, the wells were washed with PBS, cells were 

detached from the plastic, and the detached neutrophils were lysed to release the internalized bacteria. The 

resulting suspension with liberated bacteria was plated on blood agar plates at various dilutions. Upon 

overnight incubation at 37ºC, 5% CO2, the percentage of colony-forming units (CFU) was calculated. (A) 

survival of individual neutrophil-internalized CA- or HA-MRSA isolates. (B) Averaged survival of neutrophil-

internalize CA- or HA-MRSA isolates. Lysis of neutrophils due to internalization of CA- or HA-isolates was 

assessed by determining the levels of released lactate dehydrogenase (LDH) at 120 min post-infection. 

Measurements were performed in duplicate for each individual isolate per group of three CA- or three HA-

MRSA isolates as indicated. (C) Neutrophil lysis caused by individual CA- or HA-MRSA isolates. (D) averaged 

neutrophil lysis by CA- or HA-MRSA isolates. Each analysis was repeated three times. Data are presented as 

the mean ± the standard deviation. A non-parametric Mann-Whitney test was performed to determine the 

statistical significance of observed differences. P values < 0.05 (*) are considered significant. 
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In vivo drug evasion of S. aureus in professional phagocytes  

To corroborate the idea that the HA-isolates are better adapted for survival in 

professional phagocytes than the CA-isolates, we infected larvae of the greater wax 

moth Galleria mellonella with HA- or CA-isolates and assessed the bacterial survival 

upon a challenge with gentamicin. Of note, larvae of Galleria mellonella are susceptible 

to S. aureus infection (29) and, for ethical reasons, they are a preferred infection model 

for studies involving large numbers of animals. Importantly, the innate immune system 

of these larvae shares great similarity with that of mammals (30–32). The larval 

phagocytes responsible for bacterial clearance are known as hemocytes, and they reside 

in the so-called hemolymph, which is the Galleria equivalent of mammalian blood (33).  

Specifically, we inoculated larvae with 1x106 CFU of bacteria growing exponentially in 

RPMI, and 90 min post-infection the larvae were injected with 12 mg/kg gentamicin. 

This antibiotic challenge is sufficient to marginalize the presence of bacteria in the 

hemolymph that have not been internalized by host cells for at least 24 h (data not 

shown). At 2 and 24 h after the gentamicin challenge, hemolymph was extracted from 

the larvae and incubated with 25 µg/ml of lysostaphin at 37°C for 20 min to eliminate 

any remaining non-internalized bacteria. The intracellular bacterial survival was 

subsequently assessed by lysing the hemocytes with 0.1% triton X-100 and plating. 

Significantly higher numbers of HA-isolates were found to be internalized by hemocytes 

than was the case for CA-isolates at 24 h post-gentamicin treatment (Fig. 6A, B). 

Importantly, the numbers of hemocytes in larvae infected with CA-isolates were 

relatively low at 24 h post-gentamicin challenge, whereas the CFU numbers of HA-

isolates internalized by the hemocytes at this time point were relatively high (Fig. 6B, C). 

This implies that the CA-isolates have a higher propensity for escape from hemocytes 

than the HA-isolates, which is apparently reflected in the somewhat higher rates of larval 

killing by the CA-isolates (Fig. 6D). To verify that bacteria were really internalized by 

hemocytes of infected larvae, we peformed confocal microcospy. As shown in Figure 7 

and the respective Z-stacks in Supplementary Movies 1 and 2, internalized CA- and the 

HA-isolates were indeed detectable within hemocytes. Together, these observations 

show that, also in an in vivo infection setting, the HA-isolates have a higher capability 

to evade an antibiotic challenge inside professional phagocytes than the CA-isolates.  
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Figure 6. Infection of Galleria mellonella with CA- or HA-MRSA isolates and intracellular staphylococcal 

survival in hemocytes. G. mellonella larvae were inoculated with CA- or HA-MRSA isolates. 90 min post-

infection the larvae were injected with 12 mg/kg gentamicin. At 2 and 24 h post-gentamicin challenge, 

hemocytes were extracted from infected larvae. Upon lysis, the numbers of intracellularly surviving bacteria 

were determined by plating and CFU counting. The CFU counts for individual CA- or HA-isolates are shown in 

(A), and the respective averaged CFU counts are shown in (B). The numbers of hemocytes in the hemolymph 

of infected larvae were counted with a hemocytometer (C). The mortality of infected larvae was assessed at 

24 h intervals for up to 72 h (D). Each analysis was repeated three times. Data are presented as the mean ± 

the standard deviation. Mann-Whitney tests were performed to determine the statistical significance of 

observed differences; p-values ≤ 0.05 (*) are considered significant. 
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Figure 7. Confocal microscopy of internalized CA- or HA-MRSA isolates in hemocytes of Galleria 

mellonella. Hemocytes were isolated from the hemolymph of larvae infected with CA-MRSA (A) or HA-MRSA 

(B) at 24 h post-gentamicin challenge. Subsequently, images were recorded by confocal microscopy. DNA of 

the hemocytes was stained with DAPI (blue), and bacteria were detected based on the expression of GFP from 

plasmid pGFPARopt (green). The panels show, from left to right, the merged image, DAPI staining and GFP 

fluorescence. Z-stacks of the images in A and B are shown in Supplementary Movies 1 and 2, respectively. 

Discussion 

Recent years have witnessed the emergence of CA-MRSA lineages, such as USA300. 

Today, these lineages are also encountered in hospital settings, which raises the 

question how exactly they are adapting to this new environment? Classical studies have 

shown that particular genes on MGEs, such as the PVL-encoding genes, are typical 

features of CA-MRSA (10, 21, 34, 35). Our previous studies have shown that HA-MRSA 

isolates of the USA300 lineage lack the PVL-encoding genes, suggesting that this could 

be part of their adaptation to the hospital environment (22–24). However, one may also 

expect physiological adaptations in HA-MRSA that are reflected by differences in global 

gene regulation. This idea had remained unexplored so far, which is why we decided to 

perform an RNA sequencing analysis on closely related HA- and CA-MRSA isolates of 

the USA300 lineage.  
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A decisive feature of the successful pathogen S. aureus is its large arsenal of virulence 

factors that allows it to colonize the human body, to breach primary barriers against 

infection like the skin and mucosa, to conquer new niches within the body, and to 

effectively mislead or evade our immune defenses (12, 36). Several potent virulence 

factors, like PVL, are encoded by MGEs (37), but many are actually encoded by the core 

genome. On this basis, it seemed likely that important distinctions between HA- and 

CA-MRSA might be encountered at the level of expression of virulence factors 17,33. 

Consistent with this notion, we show that the here investigated HA-USA300 isolates 

produce larger amounts of PSMs than the respective CA-isolates. Nonetheless, the CA-

USA300 isolates were found to be more effective in neutrophil escape and killing than 

their HA-counterparts. A similar trend was observed for the CA- and HA-isolates in our 

Galleria mellonella infection model, where we observed higher rates of intra-hemocyte 

survival of the HA-isolates. 

Our present findings provide several clues as to why the investigated CA-isolates are 

more effective in killing and escaping phagocytic cells than the HA-isolates, despite the 

apparently higher levels of psm expression in the latter isolates. In the first place, this 

may relate to an overall balance in the production of virulence factors that can have 

synergistic and antagonistic interactions. In this respect, the presence of the PVL-

encoding genes in the CA-MRSA isolates is noteworthy, because PVL is a potent toxin 

for neutrophils that may outweigh the relatively lower level of psm expression (36, 39). 

In addition, PSMα3 was shown to enhance the potential of PVL to lyse human 

neutrophils (40). It further seems likely that apart from PVL other virulence factors that 

are expressed at higher levels in the CA-isolates contribute to the higher neutrophil 

killing and escape. In particular, the CA-MRSA isolates are richer in MGEs, which carry 

the sek, seq, ear genes for superantigens, and the sak, chp, scn immune evasion genes. 

A further factor that could perhaps overrule any differences in PSM production by the 

CA- and HA-isolates is the presence of 10% of the neutrophil donors’ serum in the 

medium used for the neutrophil infection assays, since a previous study has shown that 

PSMs may be neutralized by human lipoproteins (41). Yet, the observed differences in 

PSM expression could be highly relevant in other infection-specific settings, such as 

intracellular survival through the escape from phagosomes upon internalization by 

phagocytic cells. Indeed, our infection assays clearly indicate that the HA-isolates are 

better adapted to intracellular survival. Importantly, this improved survival of the HA-

isolates may be enhanced by their elevated expression of genes that protect against 

oxidative stress and DNA damage and a downregulation of iron uptake systems to avoid 
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iron-mediated generation of reactive oxygen species.  

Lastly, the present infection assays provide a simple answer to the important question 

why enhanced intracellular survival could be an effective adaptation to the hospital 

environment. In these assays, bacteria escaping from the neutrophils are killed by the 

antibiotics in the growth medium. Clearly, this is a true reflection of the situation in a 

hospital setting where immune-compromised patients and patients who undergo 

surgery are prophylactically and therapeutically treated with antibiotics. The respective 

antibiotic levels are high in extracellular environments, but remain relatively low at 

intracellular locations. In fact, this has been the incentive to develop an anti-S. aureus 

antibody-antibiotic conjugate where the antibiotic is activated only upon internalization 

of targeted bacteria with the bound conjugate by phagocytic cells (42).  

Altogether, we conclude that, through fairly simple physiological adaptations, HA- 

isolates of the USA300 lineage are better equipped to escape short periods of 

antimicrobial treatment, which has improved their fitness in the hospital setting and may 

lead to relapse of the infection. To this end it would suffice that only a fraction of the 

population of internalized bacteria survives the neutrophil challenge as observed in our 

present study.  

Materials and Methods 

Bacterial isolates 

All USA300 isolates investigated in the present study were previously collected at the 

Statens Serum Institut (Copenhagen, Denmark) in the period between 1999 to 2006 (23). 

Their genetic makeup was previously described (22, 24). 

RNA isolation and sequencing 

Bacterial isolates were grown in duplicate overnight (14-16 h) in 25 mL Tryptic Soy Broth 

(TSB; Oxoid) under vigorous shaking (115 rpm) at 37°C in a water bath. The cultures 

were then diluted into 25 mL pre-warmed RPMI medium supplemented with 2 mM 

glutamine (GE Healthcare/PAA, Little Chalfont, United Kingdom) to an OD600 of 0.05 and 

cultivation was continued under the same conditions. Exponentially growing cells with 

an OD600 of ~0.5 were re-diluted into 120 mL fresh, pre-warmed RPMI medium to a final 

OD600 of 0.05. The cultivation was continued till 90 min into the stationary growth phase, 

where the cultures had an OD600 of ~1.3. Herein, two time points were selected, i.e. 

exponential growth phase, corresponding to an OD600 of ~0.5, and 90 min into the 

stationary growth phase, corresponding to an OD600 of ~1.3. At these two time points, 

culture aliquots corresponding to 15 OD600 units were collected for RNA isolation.  
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RNA was isolated from bacterial cells as described previously (24). In brief, ½ volume of 

frozen killing buffer (20 mM Tris-HCl [pH 7.5], 5 mM MgCl2, 20 mM NaN3) was added to 

the bacterial culture, and bacterial cells were collected by centrifugation for 3 min, 8000 

rpm at 4°C. The supernatant was discarded, and pellets were frozen in liquid nitrogen 

and stored at -80°C until further processing. Cell pellets were re-suspending in ice-cold 

killing buffer and transferred into a Teflon vessel filled with liquid N2 for disruption. Cells 

were then mechanically disrupted with a Mikro-Dismembrator S (Sartorius) for 2 min, 

2600 rpm. The resulting powder was re-suspended in lysis solution that was pre-warmed 

at 50°C (4 M guanidine thiocyanate, 25 mM sodium acetate [pH 5.2], 0.5% N-

laurylsarcosinate 40 [wt/vol]) by repeated up- and down-pipetting. Then, lysates were 

transferred into pre-cooled micro-centrifuge tubes, and frozen at -80°C.  

Total RNA was isolated by phenol-chloroform extraction as described previously (24). 

Samples were processed twice with an equal volume of acid phenol solution (Sigma-

Aldrich, Zwijndrecht, The Netherlands), and mixed thoroughly on an Eppendorf tube 

shaker until completely thawed. The resulting suspension was then centrifuged for 5 

min, 12000 rpm, and the supernatant was transferred into a fresh microcentrifuge tube. 

Next, samples were processed once with one volume of Chloroform/isoamyl alcohol, 

mixed well, and centrifuged for 5 min, 12000 rpm. RNA was precipitated from the 

supernatant by the addition of 1/10 volume of 3 M Na-Acetate, pH 5.2, and 0.8 ml of 

isopropanol. The precipitated RNA was washed once with 80% RNase-free Ethanol, and 

dissolved in RNase-free water. Lastly, residual DNA was removed by treating the RNA 

sample with the RNase-Free DNase Set (Qiagen) and the RNA was purified using the 

RNA Clean-Up and Concentration Micro Kit (Norgen).  

Purified RNA was sequenced at Otogenetics Corporation (Atlanta, GA USA). In brief, the 

integrity and purity of total RNA were assessed using an Agilent 2100 Bioanalyzer or 

Tapestation and by determining the OD260/280 ratio using a Nanodrop. Subsequently, 

rRNA was depleted and 100ng - 1µg of the depleted RNA was used to prepare an 

Illumina library using the NEBnext Ultra Directional RNA library prep kit (New England 

Biolabs, Ipswich, USA). The quality, quantity and the size distribution of the Illumina 

library was determined using an Agilent Bioanalyzer or Tapestation. The library was then 

submitted for Illumina HiSeq2500 and MiSeq sequencing according to the standard 

operation protocols. Paired-end 100 nucleotide (nt) reads were generated and checked 

for data quality using FASTQC (Babraham Institute, Cambridge, UK). Read FASTQ files 

were mapped against the genome of S. aureus USA300_FPR3757 (Accession number 

NC_007793) to make the SAM file using the Bowtie2 tool (43). The four psmα genes 

were manually curated, and added to the database. Subsequently, SAMtools (44) was 
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used to convert the SAM into BAM format. Lastly, coverageBed (45) was used to calculate 

the RPKM values, and normalized RPKM values were used for data analysis.  

Data analysis  

The RNA-sequencing data was analyzed using the online accessible Genome2D pipeline 

(46). Statistical analyses using the Mann-Whitney test, and graphical data representation 

were performed with GraphPad Prism version 6. 

Visualization of transcript profiling data using Voronoi treemaps 

Voronoi treemaps were created using the Paver 2.0 software (Decodon GmbH, 

Greifswald, Germany) (47). The functional annotation data used to generate the treemap 

was extracted from the latest “theSeed.org” build (48) (extraction date: 23 February 

2017) for S. aureus USA300_FPR3757. The template treemap calculation for each strain 

was performed using the free swarm algorithm.  

Minimal inhibitory concentration (MIC) and sensitivity of MRSA isolates to 

daptomycin 

MIC values for daptomycin were determined by using the M.I.C. Evaluator Strip (Thermo 

Scientific; Germany) according to the manufacturer’s instructions. Briefly, 100 μl of 

culture suspension adjusted to OD600 of 0.08 was plated on a tryptic soy agar plate and 

left to dry for 30 min. Then, the evaluator strip was placed on top of the agar with the 

reading scale facing the agar. MIC values were recorded upon overnight incubation at 

37°C.  

To test their daptomycin sensitivity, the MRSA isolates were inoculated in TSB and grown 

overnight at 37°C. The next morning, bacteria were diluted to an OD600 of 0.05 in fresh 

TSB with or without 20 µg/mL of daptomycin (Sigma, Germany) as previously described 

(27). Growth was subsequently monitored by OD600 readings. 

Isolation of neutrophils from whole blood 

To isolate neutrophils from healthy volunteers, a venous blood sample was collected in 

EDTA-coated tubes using a vacutainer technique. The sample was diluted 1:1 with 

phosphate-buffered saline (PBS). The PBS-diluted blood sample was then layered onto 

a half volume of Lymphoprep™ (Axis-Shield, Oslo, Norway) and centrifuged at 2500 rpm, 

4°C for 20 min without using the brake. 10 mL of ammonium chloride buffer (UMCG, 

Hospital Pharmacy, the Netherlands) was added to the cell pellet, and this mixture was 

incubated on ice for 10 min with gentle mixing to lyse red blood cells. Next, the mixture 

was centrifuged at 2500 rpm, 4°C for 3 min without using the brake, and the incubation 
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with 10 ml of ammonium chloride was repeated one more time. Lastly, the suspension 

was centrifuged at 2500 rpm, 4°C for 3 min without using the brake, and the pellet was 

resuspended in RPMI supplemented with 2 mM glutamine plus 10 % serum from the 

donor.   

Survival of bacteria upon neutrophil phagocytosis    

Bacterial isolates were grown overnight in TSB. The next day cells from the overnight 

culture were used to inoculate RPMI supplemented with 2 mM glutamine and growth 

was continued under vigorous shaking (115 rpm) at 37°C until an OD600 of ~0.5, which 

represents the mid-exponential growth phase. Cells from this pre-culture were 10-fold 

diluted in fresh pre-warmed RMPI with 2 mM glutamine and growth was again 

continued till an OD600 of ~0.5. In parallel, ~3 x 105 neutrophils in a total volume of 250 

µl of RPMI supplemented with 2 mM glutamine + 10 % donor serum were seeded in 

24-well plates (TPP Techno Plastic Products, Switzerland). Plates were incubated on ice 

for 30 min to allow the adherence of cells to the plates and to prevent neutrophil 

activation. To these wells were added ~4.5 x 106 bacteria (multiplicity of infection [MOI] 

15:1) in 250 µl RPMI supplemented with 2 mM glutamine + 10 % donor serum. The 24-

well plates were centrifuged at ~350 g for 5 min at 4°C to synchronize phagocytosis. 

Next, all the plates were incubated at 37°C with 5% CO2 for 30 min. After 30 min of 

incubation, gentamicin (400 µg/ml final concentration) was added to eliminate the non-

phagocytosed bacteria, and bacteria released upon neutrophil lysis. The plates were 

then again incubated at 37°C with 5% CO2 for different periods of time. Then, the plates 

were washed with PBS to remove the antibiotic, and 200 µl of Trypsin-EDTA (Thermo 

Fisher Scientific, the Netherlands) was added to detach all the adhered cells from the 

plates during a 10 min incubation at 37°C with 5% CO2. Subsequently, 500 µl of 1% 

saponin (Sigma Aldrich, USA) was added to the mixtures for 5 min to liberate 

phagocytosed bacteria from the neutrophils. Lastly, the suspensions with freed bacteria 

were plated on blood agar plates (MediaProducts, Groningen, the Netherlands), and 

incubated overnight at 37°C with 5% CO2.   

Neutrophil killing upon S. aureus infection 

The killing of neutrophils following S. aureus infection was determined with the standard 

assay for release of lactate dehydrogenase (LDH) as described by the manufacturer 

(Cytotoxicity Detection kit, Roche Applied Sciences, Penzberg, Germany). The release of 

LDH is a measure for cell lysis.  
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Infection of Galleria mellonella larvae 

Galleria mellonella infection experiments were performed with CA- or HA-USA300 

isolates containing plasmid pGFPARopt, which carries a chloramphenicol resistance 

marker. Bacteria were grown overnight in TSB with 10 µg/ml chloramphenicol. The 

overnight culture was used to inoculate RPMI supplemented with 2 mM L-glutamine, 

and growth was continued under vigorous shaking at 37°C until an OD600 of 0.5. The 

main culture was inoculated with cells from this pre-culture by 10-fold dilution in fresh 

pre-warmed RPMI with 2 mM L-glutamine and growth was continued till mid-

exponential phase (OD600 of ~0.5). Bacteria were harvested by centrifugation at 8000×g 

for 20 min. After washing with 1x PBS, the bacteria were resuspended in PBS to a 

concentration of 1x105 CFU/µL. Galleria mellonella larvae of ~250 mg in the final instar 

stage were purchased (Frits Kuiper, Groningen, Netherlands) and placed in petri dishes 

without nutrition. Larvae were inoculated in the last left proleg with 10 µL of the bacterial 

suspension to a total of 1x106 CFU per larva, using an insulin pen (NovoPen 5 of Novo 

NordiskTM) coupled to a BD Micro-FineTM Ultra 4 mm needle. 90 min post-infection, 

larvae were injected with 10 µL of gentamicin at a final concentration of 12 mg/kg. Each 

bacterial isolate was used to inoculate 16 larvae per experiment, and all experiments 

were performed in triplicate. 

To assess the presence of S. aureus in hemolymph, at 2 and 24 h post-gentamicin 

challenge hemolymph was extracted from three surviving larvae per group. Each sample 

containing approximately 100 µL of hemolymph was homogenized, centrifuged at 

500×g for 10 min, serially diluted in 1x PBS and plated on Tryptic Soy Agar (TSA) plates 

with 10 µg/mL chloramphenicol. Plates were incubated at 37°C overnight. Colonies were 

counted, and the CFU/mL hemolymph was calculated.  

To assess the internalization of S. aureus in Galleria mellonella hemocytes at 2 and 24 h 

post-gentamicin challenge, hemolymph was extracted from three surviving larvae per 

group and incubated with 25 µg/ml of lysostaphin at 37°C for 20 min. After 

homogenization of the hemolymph, the pellet was resuspended in 100 µL of 0.1% Triton 

X-100 for 5 min to lyse the hemocytes. Each sample was again homogenized, serially 

diluted in 1x PBS and plated on TSA plates with 10 µg/mL chloramphenicol. Plates were 

incubated at 37°C overnight, and the CFU/mL hemolymph extract was calculated.   

The number of hemocytes in hemolymph was determined at 2 and 24 h post-gentamicin 

challenge. At each time point, hemolymph was extracted from three surviving larvae per 

group and collected to a final volume of approximately 100 µL. After homogenization 

of the hemolymph, the pellet was fixed in 500 µL of 4% paraformaldehyde (PFA) for 10 



Chapter 4 
 

111 

 

 4 

min at room temperature. Then, the sample was again centrifuged at 500×g for 10 min 

and the pellet was resuspended in 100 µL of 1x PBS. The total number of hemocytes/ml 

was determined using a hemocytometer. 

The survival of Galleria mellonella upon infection with CA- or HA-isolates was assessed 

based on 10 larvae per isolate. Two larval control groups of 10 larvae were included in 

each experiment: one group was injected with 1x PBS to assess the impact of physical 

trauma, and the other group received no injections as a control for general viability. 

Experiments with more than two dead larvae in either control group were discarded. 

The larvae were incubated in the dark in a 37°C incubator, and their survival was assessed 

every 24 hours for up to 72 hours.   

Confocal microscopy 

Hemocytes were fixed as described for the Quantification of Galleria mellonella 

hemocytes. For visualization by confocal microscopy, 5 µL of the fixed sample were 

mounted with 2.5 µL 4',6-diamidino-2-phenylindole (DAPI; Roche Applied Sciences) and 

VECTASHIELD (Vector Laboratories Ltd, Peterborough, UK) on glass slides. Image 

acquisition was performed with a Leica TCS SP8 confocal microscope. The recorded 

images were processed using Image J software (National Institutes of Health, Bethesda, 

USA). 

Data availability 

Whole-genome sequencing read files for the investigated strains are available in the 

European Nucleotide Archive (ENA) under accession number ERP018940. Both the raw 

and processed RNA-sequencing data from this study are available through the Gene 

Expression Omnibus (GEO) under accession number GSE89394. 
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Supplementary Figures  

 

Supplementary Figure 1. Growth curves of the investigated CA- and HA-MRSA isolates. Bacteria were 

initially grown in TSB. The next morning, pre-cultures were started by inoculating pre-warmed RPMI1640 with 

aliquots from the overnight cultures and growth was continued to an OD600 of 0.5. Lastly, aliquots from each 

culture were transferred to fresh pre-warmed RPMI1640 for the main culture from which samples were 

withdrawn for OD600 readings at the indicated time points. Samples for RNA sequencing were withdrawn from 

the main culture during exponential growth (OD600 of ~ 0.5) and after 90 min into the stationary phase. 
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Supplementary Figure 2. Transcript profiling of exponentially growing CA- and HA-MRSA isolates. The 

transcript levels of CA- and HA- MRSA isolates were compared by a generalized linear model test followed by 

Benjamini–Hochberg multiple testing corrections. Individual dots on the plot represent the transcript of a 

particular gene. Individual dots on the plot represent particular gene transcripts. Dots within the grey-shaded 

bars relate to transcripts present at similar levels in the CA- and HA-isolates. Dots within the white area on the 

left relate to transcripts that are upregulated in the CA-isolates, and dots in the white area on the right to 

transcripts upregulated in the HA- isolates. Sizes of grey circles around particular dots correspond to the 

absolute gene expression values, where larger circle sizes indicate higher transcript levels.  

  



Chapter 4 
 

119 

 

 4 

 

Supplementary Figure 3. Voronoi treemaps displaying the functional assignment of transcripts that are 

present at significantly different levels in CA- and HA-MRSA isolates. The transcript levels in CA- and HA-

MRSA isolates were compared using a generalized linear model test followed by Benjamini-Hochberg multiple 

testing corrections. (A) Significantly differentially regulated transcripts in six CA- and six HA- isolates. The 

investigated CA-isolates were D15, D29, D32, D37, D61, D69, and the investigated HA-isolates were D3, D17, 
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D22, D30, D53, D66. (B) For comparison, the treemap with significantly differentially regulated transcripts in 

the three initially investigated CA- and the three initial HA-isolates is shown as in Figure 2B. Ratios of transcript 

levels in HA- and CA-isolates in log2 were used to create the Voronoi treemaps. Individual cells in the Voronoi 

treemaps represent significantly differentially regulated transcripts. Blue cells represent transcripts 

upregulated in CA-isolates (higher ratio of transcript levels of CA to HA in log2), and orange cells represent 

transcripts upregulated in HA-isolates (higher ratio of transcript levels of HA to CA in log2). 
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Supplementary Figure 4. Voronoi treemaps showing a regulon-based assignment of transcripts present 

at significantly different levels in the CA- and HA-MRSA isolates. (A) Regulon-based assignment of 

transcripts present at significantly different levels in the CA-isolates D15, D29, D32, D37, D61, D69, and the 

HA-isolates D3, D17, D22, D30, D53, D66. (B) For comparison, the treemap with regulon-based assignment of 

differentially regulated transcripts in the three initially investigated CA- and the three initial HA-isolates is 

shown as in Figure 2C. Ratios of transcript levels in HA- and CA-isolates in log2 were used to create the 

Voronoi treemaps. Individual cells in the two Voronoi treemaps represent particular significantly differentially 

regulated transcripts. Blue cells represent transcripts upregulated in CA-isolates (i.e. higher transcript levels in 

CA than HA in log2), and orange cells represent transcripts upregulated in HA-isolates (i.e. higher transcript 

levels in HA than CA in log2).  
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Supplementary Figure 5. Relative fold changes of transcripts of regulon-based stratified genes that 

were identified at significantly different levels in the CA- and HA-MRSA isolates. Mean transcript levels 

for each indicated gene of the CA- or HA-MRSA isolates were calculated based on the RNA sequencing data. 

Genes were stratified based on their regulons. In some cases, a particular gene could have more than one 

regulator. (A) Genes that are regulated by AgrA (accessory gene regulator), CcpA (catabolite control protein 

A), CodY (the regulator of branched-chain amino acid synthesis), FapR (fatty acid biosynthesis transcriptional 

regulator), Fur (ferric uptake regulator protein), GapR (glycolytic operon regulator), GltC (LysR family 

regulatory protein), LexA, MepR, MntR, MtlR, NrdR, PerR, SaeR and Zur (zinc uptake regulator protein). (B) 

Genes that are regulated by SigB (the alternative sigma factor B). The Y-axis displays the relative fold change 

of transcripts of HA to CA in log2, and the X-axis shows the pangene names or the locus ID of the 
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USA300_FPR3757 strain. The ‘SAUSA300_’ prefix was omitted for names starting with ‘RS’ for a better graphical 

representation of the Figure. Bars with negative fold change values presented in blue represent transcripts 

upregulated in CA-MRSA isolates, and positive values in orange represent transcripts upregulated in HA-

MRSA isolates.  

 

Supplementary Figure 6. Flow-cytometric analysis of CA- and HA-isolates 1 hour post-infection. The 

CA-isolates D15, D32 and D37, as well as the HA-isolates D17, D22 and D53 were transformed with plasmid 

pGFPARopt to allow the tracking of their neutrophil internalization by flow cytometry. All isolates were grown in 

RPMI1640 to an OD600 of ~0.5. Neutrophils were isolated from six healthy volunteers and infected with bacteria 

at a MOI of 15:1 (bacteria:neutrophils). Plates were first incubated for 30 min to synchronize infection. 

Subsequently, gentamicin was added at a final concentration of 400 µg/ml to eliminate non-internalized 

bacteria. At 1 hour post-infection, the wells were washed with PBS, cells were detached from the plastic with 

trypsin-EDTA, and subjected to flow cytometry. Typical flow cytometry histograms recorded for neutropils 

without (A) or with (B) internalized GFP-expressing CA- or HA-MRSA isolates are presented. (C) The percentage 

of GFP positive neutrophils at 1 hour post-infection was determined by measuring the median GFP intesity. A 

non-parametric Mann-Whitney test was performed to determine the statistical significance of observed 

differences. The P value was ≥ 0.05 showing that the difference was not significant (NS).
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